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ABSTRACT

The development of and results ottained with a variable resolution stretched-grid GCM
for the regional climate simulation mode,ars presented. A global variable resolution stretched-

gridmedindxesmdytnscnhancedhormnml r&solmionovertheU.S.asthemofintasL

280 as a pioneering stzp in regional climate modeling.

The major results of the study are presented for the successful stretched-grid GCM
simulation of the anomalous climate event of the 1988 U.S. summer drought. The straightforward
(with no updates) two month simulation is performed with 60 km regional resolution. The major
drought fields, para=s and ciaracteristics such as the time averaged 500 hPa heights,
precipitation. and e low levai jetover the Srought area. appear to be close 1o the verifying
analyses for the steiied-grid simulation. [n other words, the stretched-grid GCM provides an
efficient down-scali~g over the area of intzrest with enhanced horizontal resolution. It is also
shown that the sretcled-grid GCM skill is sustained throughout the simulation axtanded to ore
w3ar.

Toe devalepes 2nd tasad ina simuiziion mede szatched-grid GCM s a viable tool for

rzgional and subregcrai climara studies ané 2pplicadions.
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1. Imtroduction
The widety-used Dest=d-grid approach represents 2 pioneering first step towards reliable

regional climate simulations (2-g Dickinson et al. 1989, Pielke et al. 1992, Giorgi 1990,1995,

natural exiension and new appiication of this kind of models. The variable-resolution stretched-
grid (SG) approach is coming mostly from the global or GCM modelers as a new application of
global medels in the variable resolution framework, with enhanced resolution for both prognostic
fields anc toundary forcing over the area of inzerest.

e variabie-resoluton sweiched-grid forscast medals hava heen st caveloped in the
fate 70's. They are svecassh i¥ used for operafiorai short-tary 1, 2418 Rour, foracasting. At the
CMC (Canadian Metzcrological Center), a gnid poimt mocsi is usad since the early 90's
(Stanifor: and Mitchell 1978, Staniforth and Daley 1979, Swaniforh 1995, 1997, Cote et al.

1993. Cez2 1997). Incezendanty. in the late 30's ke 3 velccmers of the variabla resolution

7

surzier and Gelanz 1988) using the
2ppreach zaveloped v Schmise 11977). The mocai 's used “or cgenational sher-tarm forecasting
since the =:id-90's (2.2 Y'=ssacd and Benard 15%6). Tze firs: r2giorai climate simuiation was
performed with the Mzw2c-Frarca model in £e mid-30's (D2que arnd Pizdeljevra 1993).

CZer variable msoluticn medals bavz teen Zavelored for regicnal appiizations (e.g.

3
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Paegie 1532 Hardigar (137 M:Gragor and Karfe 1998 Tha Cedéard Sarn Crserving

Systam 1CZOS) swarsmad.onid :3G)-GCM s zeinz aveler2< by e authors sinze the mid-90's,

“w

Atthe st stage of the 2avelopmeny the SG-Zvnamical cora in ths Held-Suarez Famework (Held
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-2 2lop2d and thorouztly testad in the

simulziiznoand M2llim-manzz inization mosas  ToveRan - - CZ e 1557y Tre dvnamical
fore nas 2 fnjte-diTaranca Crmamics identicsl W that of 2 GEGS GCM (Suarzz and Takacs
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1993, Takacs and Suarez 1996) and a Newtonian-type physics (Held and Suarez 1994). The finite-
difference dynamics has been adjusted to 2 variable-resolution stetcked-grid and the
computational problems related to variable resoluticn have been successfully resolved. In the
follow-up study with the dynamical core, a real orographic forcing was introduced. For the case,
the filtering technique was refined, and the down-scaling effects were confirmed. The
experiments with the SG-dynamical core have shown that the swetched-grid approach provides
the efficient down-scaling over the area of intersst. [t appears w0 be a viable candidate for cost-
effective regional modeling not only for a short-tarm bur also for medium-range and, most
importantly, for long-term regional integrations. It was an important step towards developing a
full diabaric stretched-grid GCM.

Relying upon the obtained results. the autiers cencluded that the gletal stretched-grid

approach nas to be explorad as an ajramadive metiedolegy o the current widely used nested grid

approach. The following comments owlire some diffzrances of the stretched vs. nestad grid
approach. The nestad grid 2pproach has the following acvantagss. The computational etficiency

Is hizh due to using a regicral intzgrazion domaiz. Ther is the ¢ possitiiicy of combining the outer

[ S «~ -~ P eae At me iemoam LRI PUP USRS A ~~at Te . T : 10
Ayarosianc COM orrzanaivses 208 an imrer per-nyircsans model ITis orafarabie 1o use the

v

GCM shvsics for te inner mocal (2.2. Cavaand Zazrise 1969). Thers aiso Xists the possibility
of using 2 perturkation regicnal medel (lika the NCE? Rzzional Specal Model (Juang and
Kanamitsu 1994).

Due to0 tha zlobal integration domain for varfasiz-rasoluton stziched-grid models thera
ars no teoundary conditions znd e cCmpumationa. tuTer around the ar2a of intarast is neaded to

conral the Soundzry conditicns sroblems. The

<

.2tal »atiable-rasolution aperoach o regional

clima:z modaling allows coniinueus/swaizhforazod lernz-t2rm int2grazions to be autcnomously
pericrmad without the nasd Sara ving GCOM oz srovica a>cor‘.:i:u0L.s ar peniodic vpdating of
COMZILens 2l ine r2zion’s noundazas, amd fa- S nesialregicnaiclimaiz medals, neriodic re-

initialization o conditions trougzhout the ragion s7intarast [ralso avoids the need 10 apply

s



damping techniques within a computational buffer region. Both the updating and noise damping
are required in cested-grid models to control severe computational noise arising from the
application of lataral boundary conditions. A further advantage of variable-resolution stretched-
grid models is that they provide self-consistent interactions between global and regional scales of
motion and their associated pbenomena. In cther words, using one variable-resolution global
model results in a better preservation of a delicate balance between global and regional scales.
Also, there exists the possibility of introducing a mesoscale non-hydrostatic SG-GCM. The global
con-hydrostatic models are being developed (e.g. Semazzi et al. 1995, Qian et al. 1998, Yeh et al.
1999), and the strewched-grid approach is a practical way to use them for regional integrations.

The stratched-grid approach provides the possibility to use such a fine regional resolution
Dt is not availasle otherwise for GCMs. Actually, any GCM resotition can be made at least 2-4
Zmes finer for the area of mrares: Trough the SG-approach. Depencing on the regional resolution
used, the computational s2vings ars at least one order of magnituce compared to computer time
nesded for the corresponding corwol run with a global uniform fire grid GCM. Trerefore, the
vartable-resoiuticn swetched-grid models provide a sctentifically and sractically anractive
zossibility of seriorming cost-eTactiva regional/sutrezional integrations with finer resolution
-¥eranarea of intarast than are [ikalv 10 be cossible in the foresesatie futurs wits fine uniform
z'obal grid moda!s (Cota 1997, Fox-Rabinovitz et al. 1997).

[tis noteworthy that the ccmputational efficiency provided ov the swetched-grid
2zoroach, is net the only reason cr ~arional for its practical implementation. It is 2z least equally
ITIVEN more imoorant thar trouzn this approach an 2Ficient down-scaling is cttained
T:Cresenting fine and varv fine rezional mesoscale fields, diagnostics. and phenomsana.

All the a>ovz considerations 2xplain why the variable resolwution stratched grid approach

:::id be considarad as a wiable air2marive candidate for regional ciimars mcdeling. At the same

LT we would ke ¢ emshasiza tmat an optimal choic2 senween using a nastad o- strerched-grid

w
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aporoach should be carefidly made for different applications. Also, the combination of two
approactes may appear to de an atractive optimal choice.

Note that accerding to Lindzen and Fox-Rabinovitz (1 989), the consistency of horizontal
and vertical resolution shoald be preserved. Therefore, an increase of horizontal resolution has to
be accompanied by the corresponding increase of vertical resolution. In this study we rely upon
rather fine vertical resolution (70 layers) used for the SG-GCM experiments.

Itis worth clarifying that the term "down-scaling” for a dvnamical model or dynamical
down-scaling is widely used for nested-grid models driven by a coarser resolution GCM or
rearalyses. For the nested-grid models, this term is associated with the abrupt resolution change
beraeen the inner model and outer model or reanalvsis forcing. It seems appropriate to adopt this

term or ©i2 SG-approach =ar uses a swetched grid with graduaily varying global resoiuton. As a

- . v

FeS-t e .2rg2 and mediur svnoptic scales are procuced away frem the T2gion of intersst while
finer masescales ara Zaduaily introduced when approaching the ar=a of intarast (and its

imi=ediatz vicinity). The e=ciency of such a dvnamical down-scaiing for the SG-GCM regional

simziation mede is nvastizzrad in the study.
Th22mcmalous regioral climate svantofthe 1S, 1938 SUTmerdrought drew a

-C&nt 2Tention of tlimztologists and was thoroughly investizazad (2.z. Janowiak 1988,

Rorzizwsk 1988, Namias 1591, Mo etal. 1991, Oglesby and Erikson 1983, Oglesby 1991,
Trenzerth 2nd Branstatcr 1592, Atlas et al. 1993). This avent was ciiosen Jor inter-comparison of
resi22 gl r2gional medals. ar PIRCS (Preject to Inrzrcompars Raziora! Climars Simulations)

{
i

(lasz272] 136G
Thz extansiveln o =stigated anomzlous regional climass eventol e US. 1988 summer

drouzhiis chosen for this sty fortesting the develeced SG-GCM in tha sTaighiforward

Sim..2tion mode. Our maiar z0al s studving the impzet of variahia r2solutisn in terms of regional
dovm-scalinz rather ha- STtIuCing e casestudy ol tme 2vant

—elllT



interactions berween regional and ¢l

obal scales; and testing the SG-GCM ability to simulate an
anomalous regional climate event.

A descripton of the GEOS (Goddard Earth Observing System) SG-GCM is presented in

Section 2. Section 3 and 4 are devoted to discussing the straightforward simulation results

obtained with the SG-GCM for tke 1988 summer, for global and regional fields, respectively. The
conclusions are given in Section 5.

4

A brief description of the sweiched-grid design and the GEOS SG-GCM
2 The stretched-grid design

The sretched-=id usad in =is study fer the GEOS SG-GCM is similar to that of
inroduced in Sianifora and Mizciell (1978) and used in Fox-Rabinovitz et al.(1997) for the SG-
dvnamical core experimenrts (Fig.1). The stret

ched grid has a uniform (latitude x longitude) fine
resolution over the area of intares:

which has to be 2 spherical rectangle. Outside the area of

nErast, the zmid intervals ars ineracs SZ orsTewenmg i 2eth latinudinaj and longinudinal
<lan
- ad N

CLONS 25 2 z20merc Srogressicn

with the constant local stretching factor or rato definad as
follows:

5 = dxydx,, )
vhers dx, and dx,. arz aZ’acant gid intervals, anc i is the herizontal index.
Tre tomal glota! STRIChIng Tactor is afined a3
R = dXox' S, (2)

wrere dxmax and dxmin 2r2 the maximal and minimal eni

d intervals on the sphere, respectivaly
Wihin the porztia

i.2. a uniform fine
mimzonual r2solition scoamizal oz

€«
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gy

--CCatad o 2r any part o7 the globe such as tme
sriiangle over the US. wsad in

this s7zdy. Note that if the area of interest includes the polar goint

~
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or even the vicinity of the pole the stretched grid is to be rotated so that, for example, the polar
poimt wiil be placed on the 2quator in the rotated coordinates.

In order to keep under control undesired computational problems arised from grid
irregularity, some tmportant properties of the stretched-grid design have to be imposed
(Vichnevetsky 1987, Fox-Rabinovitz 1988, Fox-Rabinovitz et al. 1997). First, the stretching
should be uniform, i.e. with 1, =3D constant for al} J's. Second, the stretching has to be well
controllec or moderate in the sense that the local stretching factors should not usually deviate
from unity by more than about 10%. This allows one to have very fine mesoscale resolution over
the area of interest (e.g. Cote et al. 1993, 1998, Cote 1997) while allocating a significant
percentags of the total number of global grid points within the area of interest. This reduces the
amoumt ¢ computatiens neadad over the rest ot the glote. Third. o Ke2p the overall accuracy of
asproximztion under contrel Sor the moderatz swetching strategy mentionad above, the maximal
grid interais hava to be not farger than a few (2-4) degrees 1o be quite close o the resolution of
tvpical GCMs. This is needed for preserving the general integrity or realistic skill of global
simularad Zelds thar is necsssary for providing consistent interactions betwa2n ziobal and

-~~~

rezicnal sizies throughowt SG-GCM integrations.

255 noteworthy that the swictly conwoiled SG-parameters nesded for tze regional climate
simulation. mode could be raiaxad for other modes of integration such as a shor-term forecasting
(Cote eral. 1993, 1998) and cata assimilaticn modes.

Th2choics of sTetchad-grid paramatars depends on a particular modal dasign.

conligrziin raquirsmanis. anc modes of in2gration. It also depernds on a mecai's numerical

{h2suweched o vsad ia this stucy aas the same number of grid points as the global

‘Cidezee zmd (UG but redisiehad according to a SG-design (Fiz. 1). The 2x2.5

LGominls s2doeiow in Sectzntasa fererance run when analvzing the SG-GCM simulation

)

TesuLis. Th2 ar2a o7 inrarast is tma spherical rzctangle over the U.S. with 60 xm uniform resolution
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and the following coordinates: from 25N to 50N and 75W to 125W. For the stretched grid, the
local stretching factors (Eq.(1)) are ~7% and ~5% and the total global stretching factors (Eq.(2))
are ~9 and ~8 (that corresponds to the maximal grid intervals of approximately 5 and 6 degrees),
for latitudes and loaginudes, respectively. The stretched grid has approximately 9 times less grid
points than that of the global uniform 60 km resolution grid.

As an opton, the spherical grid can be rotated so that the area of interest is located, for
example, about the equator in the rotated coordinates (e.g. Takacs et al. 1994). Such a rotation is
not necessary for the U.S. region but as it was mentioned above it makes sense for the regions

including the pole or located in a close proximity to the pole.

9. A trief description of the GEOS GCM

The GEOS GCM was developed by the Dara Assimilation Offica (DAO) at the NASA
Geddard Laboratory for Aumospheres. The earliest predecessor of the GEOS GCM was
developed in 1989 zased on the "plug-comparible” concepts outlired in Kalnay et al. (1989). The
GCM was subsequenilv imgrovad in 1991 (Fox-Rabinovitz, at al. 1991, Heifand etal. 1991). The

Ty

neterization and the re-2vaporation of

Relaxad Arakawa-Schuzert cumulus cenvaguva paras
falling rain are Sased uron the works of Moorthi and Suarez {1692) and Sué and Molod (1988).

The long-wave and shor-wavz radiation is parametzrizad following Chou and Suarez (1954). The

planetary boundarv faver and the u er level turbulence parametarizations are based on the level
i h v la: pp p
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i7and and Labraza (1988) and Helfand at al. (1991). Tre orographic
FraviTywave drag samametarization follows Zhou ot al. (1993). Tze medel chysics is updared
with dierant fraguanciss ranging from every two dvnamics time st2ps for turbulence and gravity

wave Zrag, three dvnamics tima steps for moist procassas (convection and large-scale

1Diatan). 10 on2 hour for shor-wav 2 and thras hewrs for long-wave racdiation. All model



The momentum equations used in the GEOS GCM are written in the "vector invariant”
form, as in Sadourney (1975) and Arakawa and Lamb (1981), to facilitate the derivation of the
cnergy and potential enstrophy conserving 4th-order differencing scheme. The thermodynamic
(potential temperature) and moisture (specific humidity) equations are written in flux form to
facilitate potential temperature and moisture conservation. The Arakawa C-grid is used for
Eorizontal approximation. For vertical approximation an unstaggered Lorenz (1960) grid in
generalized sigma coordinates, is used. The vertical differencing scheme is described in Arakawa
and Suarez (1983). The time integration is done with the economical explicit scheme (Ames
1969, Schuman 1971, Brown and Campana 1978, Fox-Rabinovitz 1974), based on a leap-frog
scheme with time averaged pressure gradient. The scheme allows one to use approximately twice
iarger time st2ps than those of the :@ap-og schems. A complete description of the fourth order
Znite-differance schema usad in the dynamical core, can be found in Suarez and Takacs (1995).

Since the 2asly 90s, the GEOS GCM 1s routinely run with 2 x 2.5 degree horizontal
czsolution and 70 layers in the verical covering the entire tropospheric and stratospheric domain

Tetwesn the swrface and the 0.01 R2a level. The GEOS GCM was developed and used for

ciimare 2oelications. Itis also used for fong-term simulations
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$22n as those of the AMVIP ~Atmoscheric Model [nter-comparison Projact).
X . o

¢. Configurations of the GEOS SG-GCM
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Atie current stage of the SG-GCM devalopment. a stetched zrid is tuliy implemented

4

:m3 the mode! Svnamical cors wits s2ai crograginy as described cv Fox-Rabinovizz 2t al. (1997).
“.27g with inroducing a sirewched-zrid coordinats array, some interpolation techniques
Z2zending on a 2rid dafinition ware mod:iied accordingly. The model filtering procedure has also

T22m modifiad 1o acccouns Tar the changes raquirad for a stratched grid ov Fox-Raktinovitz et al.




The prognostic variables (wind components, temperature, moisture and surface pressure)
for the dynamical mode] state are updated and stored on the model dynamics stretched grid. The

diabatic tendencies are updated at the appropriate physical/computational time-scales on their

history resides effectively on the swetched grid.
Such an approach is justified by the assumption that model physics and dynamics can

have different temporal and spatial resolution. This subject has been discussed by Lander and

At this first stage of the SG-GCM develepment implementing model physics on an
intermediats uniform resolution grid allows us to avoid some potential complications that may
arise from calculating all mode] chysics parameterizations on a stretched grid. It was verified that
Cr such a combination of the SG-medel dvnamics and iniermediate uniform grid model physics,
T2 medai chvsics cactires ("sees”) e finer scale pateTs producad by the 2l dynamics on
2 stretched grid Fiz.2 shows the nstantzneous rsgional patems of specific hurmidity at 850 hPa
ctuained on the stetched-grid (the upper panel) and interpolated onto the uniform intermediate
resolution grid used for model physics calculations(the bottom panel).Both patterns show similar
Fzdients and other faarurss. This similarity takes place because the moczi dvnamics and
073graghic areing and the whols inIzgration historv residas etfectively on the sratched grid.

A N2 nexTsiazz of the moda) development. the model physics parametarizations will be
gzdually (cre-bv-one) impleman:aé on a stratched grid.

Orczraphy is zalcelatag dirzctly on a stretched- -gid by averaginz within a gnid box. the
XS dezeesuace 2l aion dazasetavailable ~om the Naticnal Cenrer for

Amospneric Rasaarz- “NCAR). TR2 grid box averaged crography is passad throu :gh a
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Lanczos(1966) filter in both dimensions which removes the smallest scales while inhibiting Gibbs
phenomena (Takacs at al 1994).

Tke stretched grid simulation is compared below :o that of a reference nm performed
with the global uniform 2 x 2.5 degre= resolution grid with the same amount of grid points as that
of a stretched grid. A stricr ultimate validation approach used in this stdy is comparing the
stmulated fields against dara assimilation, or reanalysis products. [t allows us to calculate the
Zean errors or biases as the deviations of simulated fields from the corresponding verifying

analyses.

3. Global seasonal fields for the 1988 summer simulation with the SG-GCM
We start anaivzing e rasults of e SG-GCM simulaton with presenting the global model
Z2ids for the 1988 summer season (June-July-August, or JiA). In this section, we will focus on ’

discussing the giopal int2gTity of simuiated fields although the SG-GCM has been developed with

<2 emphasis on ragional climara simulaton. [n the contexs of regional ciimate modeling based on

wh

=2 SG-aprroach. the integriny of glotal

2lds s 21 imporzn: procerty ¢f an SG-GCM

Telaten. As Twas zeiniad outip s Jrsvious Section 2. using a varasiz-resolution SG-GCM

(v

3 suzpesed 0 srovide tma iCpropriatz ~2prasantaticn of giczai large scaisas and their consistent

mzractions with regioral mesoscales.
The SG-GCM intagration starzad at 00Z May 15, 1388 and continved through August 31,

17338, The medal progesTic and diagmostic fialds ar= storad 2vary 6 nhouss and used for producing

wmE-averaged fiads. The SG-GCM simulation Is run with r2af surface tcindary conditions
I273ing. Nameiyv. the NCZ2 menthly mean anaiyses of soil moisture and weekly mean analyses of

S37T sea surtaca mpenanTe). snow. and sea ica arz used. The GEOS D-S reanalvsis products

-3 degree rasoiution. zre used for »zlidation of the SG-
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Oue of the major goals of the SG-GCM simulation presented in this and the next section
is to verify whether the promising results obtained =arlier with the SG-dynamical core in the
Held-Suarez framewerk (Fox-Rabinovitz et al. 1997), will be also obtained for the full diabatic
SG-GCM. Namely, two major results have to be verified for the SG-GCM simulation: the
efficiency of the down-scaling over the area of interest, and the overal] "integrity” of global
simulated fields.

Let us start discussing the results of the SG-GCM simulation from comparing the
obtained seasonal zomal mean vertical distributions for dependent variables against those of the
verifying GEOS DAS reanalyses produced for the 1988 summer. The JJA wind component
distributions are shown in Fig.3, and those or temperature and relative humidity in Fig4.

The SG-GCM simulation distributions aprear 1o te quitz similar to these of the verifving
rzanalyses. The positen and sxength of the jets in both temispheres arz cuite wall reproduced in

fe SG-GCM simulaccn (Fig.3a and b).The Southem Hemisphere jet core (the 40 mv/s isoline) is
swonger by 10 mv/s, larzer, and shifted gquatorward in the SG-GCM simulation (Figs.3a and 3a)
comparz< 10 that of of tha reanalvses (Fig.2z). The positive dias (or the daviation of the SG-GCM
simulation Tem tha Vi inz GEOS araivies; of 19 mys in tha Scuthern Hemisphers Topics
2round 2 30000 R32 iaver (Fig.5a). is zssociated with rhe equarorward shirt of the jet. The
farger dias takes ciace :bova 100 hPa, All Ze differences result fom coarser resolution within the
swetched grid for the Southern Hemisphere. [n the tetter resolved within the stratched grid
Northern Hemisshers, =a j2t position and sangrh | 1g.32) are close t0 those of the rzanalyses

712,530 and e tias Tz 33, s smaller, ess nan §mus. 2xcapt for the jet corz wherz it is about

The meidional wind distributions ¢ Soth the SG-GCM simulation and the GEOS

N .. . '
i

iz .2 2052 10 2ack othar Figs.5cand d). The simiianity takas i

acz in the

ook el TR T R N
seecessand 3,00 -

(W]
i

* =5 2nd inboth tm2 zimudizal position in the wopizs and in tha vartical

~

iceation around 200 hPz AL that indicases —atthe Hadley cealls arz also close for both the

-~



simulated and reanalysis fields. The bias in the Northern Hemisphere is small, less than 0.5 mfs. It
is a bit bigger, abour +/- 0.5 mvs. in the tropics for the 300-100 hPa layer, especially in the

Southern Hemisphere, and within the southern polar cap for the lower ropospheric levels (Fig.

3b).

The cold wopical temperature core at the 100 hPa level, the cold polar temperature core
above 200 hPa in the Southern Hemisphere, the position of the maximum surface temperature in
the Northemn Hemischere ropics (the 295 K degree isoline) as well as the typical gradients, show
the overall closa patern similarfty for the temperature distributions of the SG-GCM simulation
and the verifying reanalyses (Fig 4a and b). The temperature bias (Fig.3c) is less than 3(X for the
2ntre vertcal-lattucinal domain, with the exception of the positive (warm) bias of 6(K around

the 100 hPa leval in

- e

2 Topics. The larger warm bias up t0 12(K is confined 10 the Southem
Hemisphers polar caz and locatad above the 100 hPa level. Same kind of the overall pattemn
similarity is obtainad %or relative humidity including the positions of the maxima near the surface
sspecially in the Norhem Hemisphere (F ig.4c and d). The relative humidity bias (F ig.5d) is quite

stmall, mostiy wikin 23-20%, Zor the antire Northern Hemisphere o cept for the polar cap around

=20 and 200 723 lavals. The c12s s also larger. up 10 30%, around 30(S at 2 nPa andup o -
23% near the Scizh Bale around 300 hPa

The forizon:a; disTibutions of relative lumidity at 850 hPa for the JJA SG-GCM
simulaton, the v2rfving reanalvsis and their difference or bias, are presented in Fig.6. The
simulatad and V2Ting reanalvsis fialds (Fig. 52 and b) show the close similarity with each other,

2szecially inthe Norram Hemischers. The bias (Fig.6c) over the area of intarest and its vicinity

‘/Jl
B
3
@

"5 z2nd Zelow :ndicating that the efficiant down-scaling takas placs for the area.
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cver the Scuthemn Hemisphere are also quite similar (Fig.6a and b) the bias

7]

'2.6C) IS largar thar tmat of ke Norhern Hemisphers.

Ths prasentaz 278 rasiies show tha the sverall \niegrity of global fields is grasarved,

oS Tor the femar rasalyad w nin the stetchad grid Nerthem Hemisphere. The larger bias or
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the deviation of the SG-GCM simulation fields from those of the verifying reanalyses for the
Southern Hemisphere. does not seem o directly negatively affect the results over the area of
interest. We also have w realize that some deviations are not related to using the SG-GCM but are

inkerent to the basic uniform grid GEOS GCM.

4. Regional fields for the 1988 U.S. summer drought simulation with the SG-GCM

[n this secton, we will discuss the regional fields representing the drought. For analyzing the
down-scaling efficiency over the area of interest we compare the SG-GCM and the 2 x 2.5 degree
reference UG integrations against the GEOS DAS verifying reanalyses products. For the
validation purposes, w2 wili mosty use the June 1988 monthly mean characteristics and also
those of the two mont: Zrought peried ffom May 1510 Julv 15, 1988.

Tre extent of =e 2rcmalous drought is shown by the anomaly diswributions for June |988
for the 300 hPa height aé wotal precipitation fields (Fig.7). The aromalies are calculatad as the
diffzrencas berween the Tcctily mean obtained from the GEOS DAS reanalyses and the June
climaoliogy. The 1963-7393 climartology is used “or calculating the pracipitation anomary
(Fiz.7arnd hatof 1S%-7 243 7r e 300 ~Pa Reight anoaly (Fiz.7p). Tae NCEP gauz2
prezizitzticn for June 1233 s show in Fig.

1he sTong positva aromaly for the 500 RPa heigkts over the U S. and Canada reaching
up 2 120 =2 is accompeaniag 5¥ two negative anomalies, oce on the =ast ¢oast and another just off
the w25t ccast both fREninz up w0 -3) m (Fig.7h). The STong negative pracipitation ancmaly cr
2 Irouznt ar2a s loczad Z2ostly over the Mississicpi River basin reachingz up 10 -2.5 mmuday
(Ftz.72). Tze negative emay over the Mississiopi River is a suong ancmalous regiorz! climarza

2verliz. g Ropelewski 1583, Janowiak 1988). Tte more moderate cositive rainfall anomaly

4
B

reaciing Di-2mmiday zies slacs over the soutt-ceniral zart of the US. The Midwestam
droozntarez sty precizatznlessthan I mmoézn s shown in Fiz.7c.
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a. The 500 hPa height fields

Let us compare the 500 hPa height regional partern produced by the SG-GCM simulation
against the GEOS DAS verifying analyses. The two months mean field obtained from the GEOS
DAS (Fig.8d) shows that the ancmalous drought event is characterized by a strong ridge over the
central part of the U.S. and Canada and by two surong troughs located on the east and west coasts.
Such a patter is consistent with the strong anomaly shown in Fig.7b.

The two months mean 500 hPa height field obtained Fom the SG-GCM simulation is
presented in Fig 8a. It exhibits the major pattern similarity to the GEOS DAS results (Fig.8d).
Namely, the SG-GCM simulation (Fig.82a) contains the appropriately positioned ridge and two
troughs although the features are less pronouncad than those of the verifying analyses (Fig.8d). It
$€21T5 2ppropriate 10 emphasiza thar Syis s a positive rasuh for the staightforward two months
simuiation. To assass it quanzatvaly, the bias cr d2viaton of the SG-GCM simulaton (Fig.8a)
from the verifving analvses (Fig.8¢) is shown in Fig.8b. The maximum negative bias values

gaching -60 m w@ -30 m are consined 1o the reladveiy small arza trmmediate!- adjacant o the

O
oW
3
i
1S
R
(9]
o,
Yy

2 northem Soundare of the area 27 int2rast. Over the remaining larga part of the
NI T2 bias values it moch smalias and zra of the 3iferen; signs. Trne 2ias her= s

mosty withinthe 20 mto 20 = ang2 The bias distizuton is ‘ons'stent Wil but Cefinitaly

smailzr than the June 1988 ancmaly (Tig.7o).

The tias for the refarsncs mun or the UG-simeulation is gresenizd in Fig.8c. Itis negative
OV2r1n2 2niin2 ar2a2 of interess 2~ s r2aching -1 10 m. For the .2rge arza south of this minimum,

the Zizs 5witin 290 m o -390 = TAng2and i3 zoing down 0 < m o -2 m aver the

femzining pzm 0712 area of intarasy The ovara! UG-simulation bias (Fig.8¢; is apcroximately

™o imas larzer T magnituda thas that of the SG-CCM simulation (Fig.8b; and is ¢ mparable
with inz Junz 1633 anomaly Tlz7h Al harsniws that the SG-GCM simy 2o on i3 dedfinitaly
SloserizinzLafiting analeses inzn m2 r2faranc: UC.simelation for 300 hPz maizhs.
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We compared the 500 hPa regional verifying analyses with 2x2.5 degree resolution with
the cewly developed GEQS SG-DAS analyses with 60 km regional resolution, They appeared to

magmimde as shown in Fig.8b.

b. Precipitation

Obtaining the realistic precipitation patter s evidently the most important goal of the
drought simulation. [t is also the most difficult field to simulate due 1o the complexity of the
process. Therefore, when analyzing precipitation distributions, we have to concentrate on the
majcr fzanTes. with the clear uncerstanding of inevitabje limitaticns of the straightforward two
70nds simulation. The june 1988 monthly mean precigitation fisids and biases for June 1988 are
Fresemac in Fig.9. The precipitation pattern produced by the GEQOS DAS (Fig.9d) shows clearly
the drought area for the Mississippi River basin. The minimum (less than | mm/day) precipitation
zrza. is lecatad in the forstern part of the basin, The raducag precipiiation oceurs over the major
FET ST e 2oeky meuntzing, A stongar oracisiation, 2. mvday, s obrained ovar the south-
S SCI-2E5Te 20l norh-westam rars orthe US. This precinitation pantamm is consistent

10 ¢ recipitation ancraly and precipitation patier shown above (Fig.7a and 7¢). It is

notzworthy that although the DAS precipitation (Fig.9d) shows some ceviations/biases from the

NCED> 23Ug2 oracipitation (Fig.7¢) they are locarad mostly outside of the crought area. They do
TCIseTImorg aTag: sigificanty cur discussion o7 the SG-CCM dro 127t simularion.

Lo¢ srecipitation ramam oduired from the SG-GCM simuiazion (Fig.9a) shows the
minimum with radycad precipitation. bejow 3 mm/day, over the major drought area, the northemn
Simol e Mississiopi River magin, Ovier the major famorze Rocky TOUntains, pracipitation is

PENon L2 LS Zax. iakas piacs over 22 south-zentral, ¢astarn and




north-western parts of the U.S. AJ] that makes the precipitation pattern obtained from the SG-
GCM simulation, quasi-rsalisdc,

Tte precipitation biases or deviations calculated against the verifying diagnostics
produced by the GEQS DAS, for the SG-GCM simulation and the reference UG-simulation, are
presented in Fig 9b and Fig.9¢, correspondingly. The SG-GCM simulation bias (Fig.9b) is within
the 2-3 mm/day range over the drought area and is definitely smaller than that of the reference
UG-simulaton ranging tere ffom 3 mm/day to 6 mm/day (Fig.9¢). Such a significant bias
reduction for the SG-GCM simulation precipitation compared to that of the reference UG-
stmulation, is an importarz indication of an efficient down-scaling obtained for this anomalous

drought event through the SG-approach.

c. Low levaijer
Tre low leve] ‘e LLT) makesa significant contributicn to the drought formation and

Suswnance. [is adequat: 2oresentadon i Is Umzerzant for a succassful regional climate simulation

of the anomazlous aven:

The3l3RPa ISy mean wind vaziers for June 1938 reprasenting the LLJ for the SG-
CCM simuizticn, tha 2zenc: UG-simulation. and for the varifving GEOS DAS reanalyses, are

stewnin Fizl 10, Ace croz to the verifving aralyses (Fig.10c), the southeastern tflow
appreaching Texas fror <e Gulf of Mexico gradually tumns cleckwise. It becomes a
Freeminantiv southers Tow aas: of the Rockr mountains or over the western par: of the
Mississingt 2var hagin ~erthe cenmal and 2astem part of :he basin, the flow is weaak,

Such 2 zamem s sasically well repreducad in the SG-GCM simulation (Fig.10a). The
SQUIRRASIET Tlow over 2 Zuif of Mexico tums clockwise and becomes the southern flow over
T2 and 2337 o the R- <+ Mounaains, with ¢4 the diraer ¢ and intensity simi'ar to those of
I..cn Thewaak 2w svar the ceniral and eastam nar oo the

2102} is also similzr - that or the verfying analvsas Fi 2.10c). Even

18
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outside the area of interest for the immediate vicinity of the U.S,, the SG-GCM simulation wind
velocity is quite similar 1o that of the verifying analyses, with the exception of the flow over the
central and eastern Carada.

However, the LLJ pantern for the reference UG-simulation (Fig.10b) is completely
different Tom that of the verifying analyses (Fig.10c) over the drought area. There is no southern
flow locarad sast of the Rocky mountains. Instead, the southeastern flow coming from the Gulf of
Mexico 1o Texas urns westward. As the result, the strong wasterlies flow throughout the entire
drought area and further 2ast. Such a LLJ panern for the reference UG-simulation (Fig. 10b)
appears o be not as realistic as that of the SG-GCM simulation (Fig.10a).

2t us consider cow the diurnal LLJ variations. The nocturnal L1 7 is characterized by the
maximurz #inds taking lacz around 3-5 am. local time). To show the diurnal var ariations, the
Tonthly =2en wind vacsrs zre calculated for 20Z and 12Z. These 007 2rd 12Z monthly means

are overlaczed for comparison purpeses, and cresentad in Fig 1. The overlapped wind vectors

ars "v-shaced for the southeastzm Sow com nrgs from the Gulf of Mexico to the western part of
the drougt: area. The fizt "v"-branch corre rends 10 the 12Z monthlv = and the left "v
cranch 10 h2 007 MCnTly means. Forthe ares 570ka grougtn (27 correszends o ~3 a.m. local

ime 207 wiith the noctmal L] winds are suzzesed 1o be sTonger than those of 00Z or ~3 p.m.

2 wind vecters obuined from the + veriiving analyses (Fig.11b) for the LLJ east of the

Recky moimiains, are remzad clockwisa from =2 121 00Z "v"-branch o e cight 12Z "v"-branch.

- S RERT.o- V-Dranclss 272 mostiy longer i tha 007 cras tha atis zzrropriaie for the
noctumal L0 This maiar f2amurs as waif ag s 250ve clockwise rotation ar2 wall r2produced in

=2 SG-GC\ simulation 'Tig.11a). The whole =azem for tha 3G- GCM simulation is quite simiiar

- s - o —-- e aqe ST Y : - T S . 5 v~ - - -
O SEOTInTvanving anzlses ¢Fig i laand - Tha pattern 2nd the apow2 f2aturas ovar the arez
STnELTiLiiinr e rafirance UGesimalaricn -as 30OWTL i ne dominating wastarlies over




the drought area (Fig.10b), are significantly different from those of the verifying analyses
(Fig.11b).

One of the plausible explanations for the differences between the LLJ patterns obtained
for the SG-GCM simuiation and the UG-simulation, could be the fact that orography is better
resolved forthestretc.‘:edgidthanfortheUG within the area of interest. As the result, the SG-
mountains are producing stronger blocking effects for the flow coming from the Rocky
mountains into the drought area. The weaker blocking effects for the UG-simulation result in
strong westerlies developing over the drought area that is not supported by the verifying analyses.

Similar results consistently favorable to the SG-GCM simulation vs. the UG-simulation

are obtained for other model felds and diagnostics.

d. Extended simulaticz and down-s caling 2rfecss
The SG-GCM simulation was extended 10 one year to vertty whether the positive down-
scaling etfects discussed above will persist in longer integrations. This is an important issue for

potential appiicadons o7 the SG-azproach © long-term climate and climate changes regional

The 2xzanded smuiation ~asults arz presentad for the wintar season or DJF {December
1588, Janvary and Fetruary 1989). Note that the qualitatively similar results arz obtained for the

fall of 1988 and the Sprng of 1989. The overall integrity of global fields for DJF is similar to that
Of JJA presentad in Secvian 3. Wa =]l focus hers on discussing the regional dewn-scaling aspects
©02 DJT LLI 727 the SG-GCM simulation and the referance UG-run ars compared
aganstthe variSing GOS8 DAS z2- alvses in Fig.12. The LLJ for the SG-GCM simulation
Z1227and 2 verit nzanaluses Fiz.il2)are close 1o 2ach other. Both patams contain
fexico. The UC-run has filed to r2orasane this

SIws onlv the wastariies srevailing over the region 2as: of the Rocky
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Mountains (Fig.12b). The prognostic variable biases for different mode| levels are consistently
smaller for the major part of the region by approximately 30%-40% for the SG-GCM simulation
compared to those of the UG-run. The biases for 850 hPa temperatures are presented in Fig.13.
The SG-GCM simulation has smaller biases (Fig.13a) than those of the UG-run (Fig.13b) for the
region east of the Rocky Mountains.

To continue the bias discussion we present the global zonal mean DIF biases calculated
2gainst verifving analvses. for the 925 hPa meridicnal winds and 850 hPa specific humidity for
the SG-GCM simulation and the UG-nun (Fig.14). Over the region of interest (125W to 75W) the
SG-GCM simulation biases are predominantly smaller than those of the UG-run. Ourside of the
2rea of interest. the UG-rum biases are are mosuy smailer. The SG-biases in the S, Hemisphers
Zzpend on ceasser rescit=on witkin the sgerched id compared 10 those of the benar rasolved N.

Temisphere. A} tRat shows the

gruficant dependance on local regional resolution for the SG-

wi
—

CCM simulagdorn.
The legitimata quesdon w ask concerning the better skill SG-GCM simulaton whether

e erficient Cown-scaling 10 mascscales wiil & O¢ se=n in seasoral mean Salds. [n otker wo rds, will

SRS AVERAZINZ Tlnar oum 2Tl the masgseals sTuemiras srodicad in thecoume of ziegmaiion or tey
72 persistent :nough o aTes seasoral ime scalss? The 925 2Pz DJF vari city ftelds Zor the $G-
CCOM simulation and the UG-mum are presentad in Fig.15. The mesoscale scucturss ara produced

icr the SG-GCM simulation over the Appalachians and the rest of the re Zion east of the Rocky

Mountains (Fig.[3a). Orlx suroctic scale faanuras 2- procducad for the UG-run {Fi

”Q
uu
Kt
o

'u

fUSeor W Temer ragional siimare kil or e 3G-GCM simulation = copel fuds that the

n2sense hatinTod C"‘g annancad ‘3’.ona T250iution rasuis ad in

c2ierregional simulatian -
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5. Conclusions

The developed SG-GCM is the new toof for producing enhanced resolution regtonal (not

global) climate simulasons. The hypothesis verified in this paper is whether the potentally

positive impact of fine’enhanced resolution provided for prognostic fields within a stretched grid

over the region of interest, can counteract the potentially negative impact of a relatively poorly

resolved flow coming mto the region. Actually, a "working compromise” not a "perfect solution”

s sought for the region of interest when applying the SG-approach to regional climate modeling.

The results obtained in the study show that the developed SG-GCM provides such a "working

compromise” so that the SG-GCM regional fields are closer to the verifying analyses than those

of the referepce UG-nm. Also, the efficient down-scaling to mesoscales is obtained over the

region of intarest for e SG-GCM simulaticn.

The following conclusicos are arrived at as the result of the study.

()

ta

The variable rasoluticn swetched-grid modeling approach is inroducad 1o the GEOS
GCM with Anradifference dynamics for the ragional climate simulaticn mode. The
vamiztia rzsoiizien sTeiched-id varsion of the f:llv diabatic GCM is Zevaioped and
sucesssiully taviad in the simulation mode.

Tre smaighfor~ard continuous (with no urdates) szetched-grid GCM simulation with 60
xm regional rasolution is performed for the 1988 summer. The seasonal global fields
show the overzl! global integrizy that is necassarv “or an adequatz reprasentation of
forsiiiantintamirdons hervasn glotal and r2giora: scales.

N2 sTetetad-=Id GCM simulation of the anomaicus climats evant of the 1988 U.S.
sumrzar droug™ shows the 2 Ficient 2own-scaling over the region of intarest. The SG-

GCM simulatizn =suis are siznificantiy closer to mos2 of the veriiving analvses than the

TIUIE 2T R rzTamange Ceriment witi the 2lobal 2 x 2.5 degzres unifom zid with the

=t
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4. The major drought characteristics such as precipitation, the 500 hPa height pattern, and

the LLJ. are successfully represented in the stretched-grid GCM simulation.

(0
.

Similar positive down-scaling effects are obtained for the extended to one year
simulation. It shows that the SG-approach is valid for long-term regional climate
simulation and related applications.

6. The obtained results show that the stretched-grid approach is a viable candidate for

regional climate simulation studies and applications.
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Figure captions
Fig.  The swretched grid with the area of interest over the U.S.
Fig.2 Instantaneoys flelds of the 850 hPa specific humidity (SPHU-850) for (a) the SG-GCM
simulation with 60 km regional resolution produced by model dynamics and (b) the same field
interpolated onto an intermediate uniform resolution grid used for calculating model physics. The
contour interval is 1 gkg.
Fig.3 Seasonal (JJA) wind component zonal-vertical distributions for: (a) U-wind for the SG-
GCM simulation; (b) U-wind for the GEOS DAS reanalyses; () V-wind for the SG-simulation;
(d) V-wind for the GEOS DAS reanalyses. The contour intervals are 5 m/s for (@) and (b); and 0.5
m/s for (c) and (d).
Figd Sameasin Fig3 burt for tempZ:ramre, (2) and (b), and relative humidity, (¢) and (d). The
contour iniarvals are 5 K degrees for (a) and (b) and 10% for (¢) and (d).
Fig.5 Seasonal (JJA) zoral-vertical bias distributions or the deviations of the SG-GCM
simulation fields from the the GEOS DAS reanalyses (both shown in Figs. 5 and 4) for: (a) U-
wind; (b) V-wind; (c) temperarure: and (d) relative humiditv. The contour intervals are 5 m/s for
(a). 0.5 =5 Sor (b): 3(K for:2): and 5% for (3).
Fig.6  Seasonal (JJA) horizonzal distributions of relativa fumidity at 850 hPa tor- (a) the SG-
GCM simulation; (b) the GEOS DAS reanalyses; and (c) the bias or differenceas between (a) and
(b). The contour intervals ar= 10%.
Fig.7  (2) Precipitation (0) 3CG0 hPa height anomalies, and (¢) NCEP gauga graciziation for June
1988. Tze zontour inzarals 272 0.5 mm/day for (a), 10 m Sor (), and | mm/day for (c).
Fig.8  The owo month mean (May 15 to Julyv 13, 1988) 300 hPa heights for: (2; the SG-GCM
stmulaticn: (b) the SG-GCM simulation bias; (¢) the referance UG-simulation bias: (d) the
verifving GEOS DAS aralvses. The contour irtarval (s 40 m for (a) and (d): anc 22 m for (b) and

1)



Fig9 Sameasin Fig.8 but for monthly mean (June 1988) precipitation. The contour interval is
| mm/day.

Fig.10 The mouthly mean (June 1588) wind vectors for the 925 hPa level or LLJ for: (a) the SG-
GCM simulation; (b) the reference UG-simulation; (c) the verifying GEOS DAS reanalyses.
Fig.11 The 00Z and 127 monthly mean (June 1988) wind vectors (overlapped) for the 925 hPa
level for: (a) the SG-GCM simulation; (b) the verifying GEOS DAS reanalyses.

Fig.12. The seasona] DJF (December 1988-January-February 1989) mean wind vectors for the
925 hPa level or LLJ for- (a) the extended SG-GCM simulation; (b) the extended UG-simulation;
(c) the verifying GEOS DAS reanalyses.

Fig. 13. The seasonal DJF 850 hPa temperature biases calculated against the GEOS DAS
vertiving analvses for: (2) the 2xtended SG-GCM simulation; and (b) the axtencad UG-
sunulation. The contour interval is 0.5 degrae K.

Fig.14. The DJF zonal mean biases calculated against the GEOS DAS verifying analyses for the
extended SG-GCM simulation (open circles) and the axtezded UG-run (dark circles) for: (a) the
923 bPa meridiona! wird (V-925); and (b) the 850 hPa specific humidicy (SPHT-850). Tte units
Xz for e marfidional wind and spesific humidiny, someszondinglv.

215, Thes2ascral DIF 925 apa verticity fort (a) the axcanded SG-GCOM simulation; and b) the

- - .. — . . -3 e
exznded UG-simiatica. The contour tnterval 1s 107 57,
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(a) SG(6OKM) BIAS DJF 1983-89 T-850
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(a) DJF 1988-89 ZONAL BIAS V—925
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